Abstract-In this paper an inertial transducer developed in BE-SOI MEMS technology is presented. The device is suitable for low frequency observation and could represent an interesting solution to implement low cost monitoring system for applications requiring a high amount of monitoring sites and disposable devices. In particular, the sensor design and the technology adopted are presented here along with models describing the device operation. Moreover, an experimental sensor prototype is proposed and experimental results confirming the suitability of the proposed architecture and its consistence with the predicted behavior are discussed.
INTRODUCTION (HEADING 1)
The dynamics of volcanic systems is governed by complex coupled phenomena. Understanding these phenomena is a prerequisite for (i) a more robust definition of volcanic alert levels, allowing more efficient and effective volcano monitoring and (ii) a better knowledge of the physical and chemical processes of mass transfers, essential for volcanic hazard evaluation [1] .
Among the available techniques, seismic, ground deformation and gas monitoring have been more extensively utilized at volcanic active sites [2] - [4] .
Devices utilizing inertial systems (seismometers) are utilized to study the seismicity driven by volcanic processes. Other devices, also exploiting inertial systems (spring gravimeters), are employed to study the changes of the gravity field associated to the magma/gas dynamics in the shallower part of a volcano's plumbing system [5] , [6] .
Volcanic tremor and long period seismicity are typical seismic signatures accompanying eruptive processes [2] . Volcanic tremor is the persistent ground vibration, often observed at many volcanoes.
The possibility of coupled seismic/gravity studies are limited by issues connected to the available instrumentation. In particular the high cost of spring gravimeters prevents the development of extended arrays of continuously running devices, since only few single institutions can afford the related costs. Furthermore, the harsh conditions often encountered on the summit zone of active volcanoes (limited accessibility, presence of corrosive gases, high daily and seasonal temperature changes, lack of mains electricity, etc.) often pose severe constraints on the use of relatively heavy, sensitive and delicate instruments, requiring a large amount of power to function. [7] .
The above shortcomings would be overcame if a new generation of inertial sensors was released, that were cheaper, lighter than the existing ones and took less power to function. Even if such devices allowed a lower resolution, the advantage likely to be gained from their release would be considerable. In fact the poorer performance of the single sensor would be compensated by the better spatial resolution coming from the fact of deploying much more sensors in the field.
As predicted in the past, MEMS devices are established becoming now ubiquitous. With an unprecedented growth in the market, these devices have a large spectrum of applications going from environment monitoring and security to automation, mobile communication and healthcare and lately they are penetrating the sector of the game consoles. Although MEMS device have become popular because they can be produced using the traditional technologies used for ICs, many dedicated technologies have been developed with the purpose to enhance device performances and to enable the development of new structures assuring the possibility to produce large numbers of low-cost devices.
A lot of attention has been devoted to distributed sensor networks due to their wide applications in military and civilian operations [8] . In particular wireless sensor networks (WSN) are gaining increasingly interest due to their advantages such as scalability and flexibility. Typically a WSN consists of a number of battery-equipped sensor nodes randomly scattered in an often hostile environment. As a consequence, in many cases disposable devices are required. Moreover to assure a long working time, low power devices are mandatory. MEMS devices show compatible characteristics making them suitable for these applications.
In this paper an inertial transducer developed at the DIEES laboratories by a BE-SOI (Bulk and Etch Silicon on Insulator) MEMS technology is presented [9] - [11] . The device is suitable for low frequency observation and could represents an interesting solution to implement low-cost monitoring systems for applications requiring a high amount of monitoring sites and disposable devices. An example of such an application is the monitoring of seismic activity in the surroundings of volcanoes; the adoption of a distributed sensor network could improve the resolution of the instrumented spatial grid.
II. THE MEMS INERTIAL SENSOR

A. The architecture and the FEM simulations
The investigated device, schematized in Fig. 1 , has been opportunely designed to enhance the sensitivity and to have low resonance frequency. Essentially the device is a suspended squared-shape mass supported by a four crab-leg beams. The proof mass has a size of 3000x3000 µm while the crab-leg beams have the following dimensions: b = 183 µm, L a = 618 µm and L b = 2200 µm for the thigh and the shin segments, respectively. A large mass has been adopted to enhance the device sensitivity.
The device has been designed in the MEMS Pro ® environment and an example of the layout is shown in Fig. 2 . Four polysilicon (poly-Si) strain gages have been realized on the beams to the purpose to measure the structure deformation due to the external forces acting on it. A resistive read-out strategy has been then used to characterize the device behaviour. Four others poly-Si resistance have been realized on the beams, close to the proof mass, to termally solicit the structure bringing it into resonance conditions with the purpose to further enhance the device sensitivity.
FEM simulations have been performed by the CoventorWare ® suite to investigate the device behavior,
preliminary. An example of simulation results is shown in Fig.  3 : a 3.2 µm displacement of the structure due to the residual stress and the force of gravity has been evaluated.
A real view of the packaged device and a SEM image of the die with the suspended mass are shown in Fig. 4 .
By modeling the device response to an imposed stimulus a resonance frequency close to190 Hz and a spring stiffness k FEM = 14.39 N/m has been estimated. If required this value can be modified by changing the layout, e.g. the central mass dimensions or the spring properties. Actually, being the target of this explorative phase the investigation of the applicability of this MEMS architecture in the context above mentioned, strictly constraints on the frequency response are not addressed.
B. The technology
The investigated micromachined device is a suspended mass supported by a four crab-leg beams, realized by using a BE-SOI process, available at the Centro Nacional de Microelectronica (CNM) of Barcelona, Spain.
The steps of the technology are shown in Fig. 5 and can be summarized as follow:
• Thermal grown of Oxide (Diff) on both sides, thickness = 0.1 µm, at T = 1100 °C.
• Deposition of Polysilicon (Poly) on both sides, thickness = 0.48 µm and RIE etching for removing Polysilicon on the front-side.
• Deposition of the Oxide between Polysilicon and Metal (Cont), thickness = 0.73 µm, RIE etching of Oxides.
• Deposition of Al/Cu alloy (Metal) on the front-side, thickness = 0.7 µm and RIE etching for removing Metal on the front-side.
• A 0.5 µm thick layer of SiO 2 (Pad) is deposited on the front side by using a PECVD technique. The polysilicon and the SiO 2 on the back side are removed and a 1 μm layer of metal (Al/Cu) on the backside is deposited. The photolithography of the SiO 2 on the front-side is performed and the 15 μm thick layer of silicon is removed through a DRIE etching.
• RIE etching of Metal, the tickness to be removed is 1 µm and an etching procedure of the Silicon on the back-side, thickness to be removed is 450 µm.
• Removing metal from the back-side and RIE etching of buried SiO 2 from the backside, thickness to be removed is 2 µm. 
C. The device modeling
Assuming that the device behavior can be described by a second order model, the expected frequency responses of the device are given by the following expressions: where, V out is the output signal of the conditioning electronics processing the information coming from the strain gauge in the bridge arms, while x is the imposed displacement
are the system gains, ξ is the system damping and ω n /2π is the system natural frequency. where A is the signal amplitude and ϕ is the phase lag
D. Spring modeling
The device has been modeled by using Castigliano's theorem and considering the strain energy contribution given by the displacement of the structure along the z axis (Fig. 1 ) [12] . The model of the elastic constant has been obtained using the heterogeneous beam theory that is in accordance with the different stacked materials offers by the technology. For this reason the device has been studied in a homogeneous domain [12] , taking into the account an equivalent shape of the spring, having a Young's modulus E n and inertia's moment I n :
( )
where α is a constant value correlated to the springs, E max is the maximum Young's modulus of the stack materials, l is the equivalent length of the spring, given by a contribution of L a and L b , as shown in Fig. 1; b is In the following, the experimental estimation of the device frequency response will be addressed as well as the comparison between the expected behavior and the observed one. 
III. EXPERIMENTAL OBSERVATIONS OF THE DEVICE BEHAVIOR
The experimental set-up for the device characterization consists of a piezo-actuated shaker, a structure housing the MEMS device and a reference laser system adopted to obtain an independent reading of the stimulation imposed to the structure.
By fitting eq. (4) to the observed response reported in Fig. 6a , through the Nelder-Mead optimization algorithm [13] which leads to k exp =14 N/m. A value of 10.1 mg for the structure mass m, was used taking into account the adopted technology. Fig. 7 shows the normalized frequency response of the device V out /x experimentally obtained by forcing the sensor with a frequency sweep. As can be observed the response fits the expected behavior after 20 Hz while below this frequency threshold, the acceleration component seems to be dominating in the V out signal. Observing the frequency response x V out / in Fig. 9 this statement seems to be confirmed as well as the 20 Hz frequency threshold. Actually, the device behaves like a speed/displacement sensor after the threshold while over the whole frequency range (especially below the frequency threshold) it can be used as an accelerometer. The normalized frequency response x V out / is shown in Fig. 8 .
On the basis of the above considerations the expected transfer functions (1), (2) and (3) have been fitted over the experimental data in the frequency range starting from the estimated frequency threshold while the expected behaviors below the threshold have been extrapolated. Results obtained by the minimization algorithm are shown in Fig. 8, 9 and 10.
Fitting expressions (1), (2) and (3) over the experimental data through the Nelder-Mead optimization algorithm leads to: 
